Erdos B, Clifton RR, Liu M, Li H, McCowan ML, Sumners C, Scheuer DA. Novel mechanism within the paraventricular nucleus reduces both blood pressure and hypothalamic pituitary-adrenal axis responses to acute stress. Am J Physiol Heart Circ Physiol 309: H634-H645, 2015. First published June 12, 2015 doi:10.1152/ajpheart.00207.2015.-Macrophage migration inhibitory factor (MIF) counteracts pressor effects of angiotensin II (ANG II) in the paraventricular nucleus of the hypothalamus (PVN) in normotensive rats, but this mechanism is absent in spontaneously hypertensive rats (SHRs) due to a lack of MIF in PVN neurons. Since endogenous ANG II in the PVN modulates stress reactivity, we tested the hypothesis that replacement of MIF in PVN neurons would reduce baseline blood pressure and inhibit stressinduced increases in blood pressure and plasma corticosterone in adult male SHRs. Radiotelemetry transmitters were implanted to measure blood pressure, and then an adeno-associated viral vector expressing either enhanced green fluorescent protein (GFP) or MIF was injected bilaterally into the PVN. Cardiovascular responses to a 15-min water stress (1-cm deep, 25°C) and a 60-min restraint stress were evaluated 3-4 wk later. MIF treatment in the PVN attenuated average restraintinduced increases in blood pressure (37.4 Ϯ 2.0 and 27.6 Ϯ 3.5 mmHg in GFP and MIF groups, respectively, P Ͻ 0.05) and corticosterone (42 Ϯ 2 and 36 Ϯ 3 g/dl in GFP and MIF groups, respectively, P Ͻ 0.05). MIF treatment in the PVN also reduced stress-induced elevations in the number of c-Fos-positive cells in the rostral ventrolateral medulla (71 Ϯ 5 in GFP and 47 Ϯ 5 in MIF SHRs, P Ͻ 0.01) and corticotropin-releasing factor mRNA expression in the PVN. However, MIF had no significant effects on the cardiovascular responses to water stress in SHRs or to either stress in Sprague-Dawley rats. Therefore, viral vector-mediated restoration of MIF in PVN neurons of SHRs attenuates blood pressure and hypothalamic pituitary adrenal axis responses to stress. psychological stress; blood pressure; brain; angiotensin ii; hypertension
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NEW & NOTEWORTHY

Exaggerated activation of the sympathetic nervous system and/or the hypothalamic-pituitary-adrenal (HPA) axis increases cardiovascular disease risk. The present study demonstrates that macrophage migration inhibitory factor (MIF) in paraventricular nucleus (PVN) neurons is a novel mechanism mediating attenuation of both the sympathetic and HPA axis responses to acute stress.
SEVERAL LINES OF EVIDENCE suggest that the amplitude of blood pressure increases in response to psychological or physical stressors in young and middle-aged normotensive adults elevates the risk of developing hypertension and other cardiovascular diseases such as coronary artery disease, myocardial ischemia, and stroke later in their life (8, 20, 39, 41, 42, 44, 50, 60) . Larger variations in blood pressure in response to repeated everyday stressors may lead to accelerated damage of the kidneys and vasculature. Altered central mechanisms that mediate augmented blood pressure responses to stress could also be directly involved in maintaining elevated sympathetic tone and resting blood pressure. Stress also activates the hypothalamic-pituitary-adrenal (HPA) axis, leading to elevated plasma glucocorticoid concentrations (cortisol in humans, corticosterone in rats), and elevated glucocorticoids confer additional risk for hypertension and related cardiovascular disease (49, 61, 62) . Despite the important influence stress-induced increases in blood pressure and HPA axis activity have on cardiovascular health, the central mechanisms influencing the magnitude of these responses are incompletely understood.
The paraventricular nucleus of the hypothalamus (PVN) plays a central role in integrating the physiological response to stress, and angiotensin II (ANG II) signaling within the PVN has been shown to contribute to both the activation of the hypothalamic-pituitary-adrenal (HPA) axis and elevations in blood pressure and heart rate during stress (1, 6, 14, 31, 51) . Previous work from our laboratory demonstrated that within the brain macrophage migration inhibitory factor (MIF) is an important intracellular counterregulator of ANG II in PVN neurons and that this action is mediated by the intrinsic thiol-protein oxidoreductase (TPOR) activity that is exerted by a C-A-L-C motif at residues 57-60 of MIF (40, 57, 58) . Activation of ANG II type 1 receptors (AT 1 R) increases MIF expression via NADPH oxidase-mediated production of reactive oxygen species (ROS) in PVN neurons (19, 27, 59 ). MIF in turn scavenges ROS by its TPOR activity, thus providing negative feedback for neuronal actions of ANG II (27) . Taken in summary, these previous findings suggest that MIF within the PVN could be an endogenous regulator of the cardiovascular and HPA axis responses to stress.
The spontaneously hypertensive rat (SHR) is a commonly used experimental model for essential hypertension. These animals are characterized by elevated baseline blood pressure and plasma corticosterone concentration and exhibit augmented blood pressure and HPA axis responses to acute stress (16, 43) . Interestingly, SHRs lack MIF expression within PVN neurons, and central ANG II injection also fails to elevate MIF levels in the PVN of these rats (37) , indicating that the MIF-mediated counterregulation of ANG II signaling may be dysfunctional. Furthermore, restoration of MIF expression in PVN neurons of young, prehypertensive, SHRs attenuates the subsequent development of hypertension (37) . Therefore, we tested the hypothesis that restoring MIF expression in PVN neurons of adult SHR with established hypertension, using viral vector-mediated gene transduction, would reduce baseline blood pressure and attenuate cardiovascular and HPA axis responses elicited by acute stressors. To establish a basis for comparison, we initially tested the hypothesis that augmenting MIF expression in the PVN of normotensive adult SpragueDawley rats would attenuate the cardiovascular responses to acute stress.
To investigate potential mechanisms mediating actions of PVN MIF expression on blood pressure regulation and HPA axis activity in SHRs, stress-induced neuronal activation (as indicated by immunohistochemical detection of c-Fos) and expression of stress-related genes in the PVN (using RTqPCR) were also measured. Acute stressors induce c-Fos expression in several brain regions including the PVN and the rostral ventrolateral medulla (RVLM) (23, 34) . Since the PVN projects to the RVLM, and both the PVN and RVLM are important sites for regulation of sympathetic nerve activity (26) , the effect of PVN MIF transduction on stress-induced c-Fos expression was analyzed in both these regions. In other experiments, the effect of MIF transduction on the expression of mRNA for several stress-related neurotransmitters within the PVN was determined. Specifically, corticotropin-releasing factor (CRF) and arginine vasopressin (AVP) expression was measured since these are key mediators of HPA axis activation and can also contribute to central mechanisms of sympathoexcitation (2, 33, 55) . Dopamine-␤-hydroxylase (D␤H) expression was measured as a marker of catecholaminergic activity, as catecholaminergic neurotransmission within the PVN contributes to the HPA axis response to acute stress (21) and influences blood pressure regulation (64) . Brain-derived neurotrophic factor (BDNF) expression was also measured since BDNF within the PVN can stimulate HPA activity, heart rate, and indexes of sympathetic activity, and ANG II can stimulate BDNF expression (10, 18, 30) .
All cardiovascular measurements were made in conscious rats using radiotelemetry, and blood samples for plasma corticosterone were obtained from a separate cohort of conscious rats using indwelling arterial catheters. Immunohistochemistry and RT-qPCR were performed on brain tissue obtained from some of these animals and from additional rats as well.
METHODS
Animals
Male Sprague-Dawley rats and SHRs were obtained from Charles River (Wilmington, MA) at 10 wk of age. Animals were cared for in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the University of Florida Institutional Animal Care and Use Committee approved all procedures and protocols before their implementation. Rats were housed individually with a 12:12-h light-dark cycle (0600 to 1800).
Surgical Procedures
All surgeries were performed using aseptic techniques under continuous isoflurane anesthesia (5% induction, 2-3% maintenance) delivered in oxygen. The depth of anesthesia was assured by lack of a reflex response to pinch of the hind paw. All incisions were closed in layers. Carprofen (5 mg·kg Ϫ1 ·day Ϫ1 sc), used for postsurgical analgesia, was administered at the beginning of surgery and for 2 days after surgery.
Radiotelemetry transmitters. Radiotelemetry transmitters (model PA-C40; Data Sciences International, St. Paul, MN) were implanted into the descending aorta under isoflurane anesthesia for the measurement of blood pressure and heart rate as previously described (13) . The abdominal aorta was isolated from a midline incision and briefly occluded, and the tip of the catheter was inserted using a 21-gauge needle. Surgical glue (3M Vetbond Tissue Adhesive) and a nitrocellulose patch were applied to secure the catheter in place. The transducer was sutured to the abdominal muscle.
Viral vectors and gene transfer into the PVN. Adeno-associated viral vectors (AAV2) to elicit the expression of enhanced green fluorescent protein (GFP) or MIF were constructed as described previously (37) . The expression of GFP and MIF was driven by a chicken-␤-actin (CBA) promoter with human cytomegalovirus enhancer, and a woodchuck posttranscriptional regulatory element enhancing the expression of transgenes was present downstream of GFP and MIF. In vivo, these vectors elicit expression of MIF and GFP primarily within neurons, and not in astrocytes, as we have demonstrated previously (37, 63) . AAV2-CBA-GFP or AAV2-CBA-MIF was injected bilaterally into the PVN under isoflurane anesthesia using a stereotaxic frame and pipettes pulled from thin walled borosilicate glass capillary tubes (OD: 1 mm; ID: 0.58 mm) with a tip diameter of ϳ25 m using the following stereotactic coordinates: 1.8 mm posterior from bregma, 0.3-0.35 mm lateral from midline, and 7.8 mm ventral from the dura mater. Virus stocks (10 9 viral particles/ ml; 200 nl/side) were injected over 5 min using a pneumatic pico pump (World Precision Instruments, Sarasota, FL). The pipette was left in place for an additional 3 min before being withdrawn. PVN injections of AAV2-CBA-GFP and AAV2-CBA-MIF resulted in marked expression of GFP and MIF in the PVN neurons as reported previously (12, 37) .
Arterial catheters. Teflon-tipped arterial catheters were used to obtain blood samples to measure plasma corticosterone. The catheters were implanted into the femoral artery and the tip advanced to the descending aorta below the renal arteries as previously described (3). Catheters were flushed daily.
Experimental Procedures and Protocols
Stress procedures. To perform the water stress, rats were placed in standard rat cages filled with 1 cm deep water (room temperature, ϳ25°C) for 15 min. After 15 min they were removed from the water, their feet were patted dry, and they were returned to their home cage. Restraint stress was performed as previously described (13) by placing animals in vented cylindrical plastic restrainers within their home cage. The restrainer minimized their movement, but they could easily breath. At the end of 60 min of restraint, the animals were released into their home cage.
Blood sampling. On the day of an experiment, the catheter was attached to a piece of sterile extension tubing so that samples could be obtained without touching the animal, as previously described (13) . The rats remained in their home cages and at least 2 h elapsed from the time the extension tubing was attached to the withdrawal of the first blood sample. Each 200-l sample was obtained using sterile technique after removal of the dead space volume. The dead space volume was then returned to the animal, and the catheter was flushed with heparinized saline. The blood sample was added to a tube containing 5 l of heparin and placed on ice until being centrifuged at 4°C. The plasma was then removed and stored at Ϫ80°C until being assayed for plasma corticosterone concentration.
Experimental Design
Protocols 1 and 2. Protocol 1 tested the hypothesis that augmenting MIF expression in the PVN of normotensive rats would attenuate the cardiovascular responses to acute stress. Protocol 2 tested the hypothesis that replacing MIF expression in the PVN of SHRs would attenuate their cardiovascular responses to acute stress. SpragueDawley rats (protocol 1) and SHRs (protocol 2) received radiotelemetry transducer implantation at 11 wk of age. After a 2-wk postoperative recovery period, baseline blood pressure and heart rate were recorded every 10 min for 15 s for a week and then rats received bilateral vector injections into the PVN. Three weeks after the vector injections, at which time MIF and GFP have reached peak levels of expression in the PVN (37), rats were subject to an acute water stress procedure followed by an acute restraint stress procedure a week later as described below. Stress procedures were performed between 8 AM and 12 PM and were started after continuous (500 Hz) baseline blood pressure and heart rate recordings were obtained for a minimum of 30 min; in most animals 60 min of baseline data were obtained. Animals were then subjected to 60 min of restraint stress or 15 min of water stress. After animals were returned to their home cages, blood pressure and heart rate were recorded for an additional 30-min poststress recovery period. Animals were euthanized a week after restraint stress (except for 4 animals euthanized 60 min after stress) by transcardiac perfusion under deep isoflurane (5%) anesthesia. The site of injection was visualized in each animal using immunohistochemistry (see details below). For experiment 1, 12 rats were injected with AAV2-CBA-GFP and 13 were injected with AAV2-CBA-MIF. Of these, five GFP-injected and eight MIF-injected rats displayed bilateral vector expression in the PVN. One GFP-injected rat had unilateral expression and was also included in the study. The cardiovascular data obtained from this animal with unilateral expression were not different from data obtained from rats with bilateral GFP expression. For experiment 2, 17 rats were injected with AAV2-CBA-GFP and 19 were injected with AAV2-CBA-MIF; 1 MIF-injected rat died following surgery. Of the remaining rats, eight GFP-injected and seven MIF-injected rats displayed bilateral vector expression in the PVN. One GFP-injected rat had unilateral expression and was also included in the study since the cardiovascular data were not different from animals with bilateral injections. Blood pressure could not be recorded during restraint stress in one SHR rat from the GFP-injected cohort due to failure of the telemetry transmitter.
Protocol 3. This protocol tested the hypothesis that restoring MIF expression in PVN neurons of SHRs would attenuate the expression of c-Fos in the PVN and RVLM. To test this hypothesis, 20 SHRs were injected with AAV2-CBA-GFP or AAV2-CBA-MIF at 14 wk of age. Three weeks after the microinjection procedure, animals were subjected to a 60-min restraint stress. After an additional 60 min following the end of the restraint stress, rats were then euthanized using transcardiac perfusion under deep isoflurane (5%) anesthesia. Eight rats were injected with AAV2-CBA-GFP, out of which seven had bilateral GFP expression, while eight rats were injected with AAV2-CBA-MIF, out of which seven had bilateral MIF expression. In addition, the two GFP-injected and two MIF-injected SHRs from experiment 2 that were killed 1 h after the end of restraint stress were included in the c-Fos expression analysis.
Protocol 4. This protocol tested the hypothesis that restoring MIF expression in PVN neurons of SHRs would attenuate the corticosterone response to acute stress. Thirty-seven male SHRs were injected with AAV2-CBA-GFP (n ϭ 16) or AAV2-CBA-MIF (n ϭ 21) at 14 wk of age. Indwelling arterial catheters were implanted ϳ2.5 wk later. After a 3-day recovery period rats were subjected to the water stress and then 1 wk after that they were subjected to the restraint stress or used in time control experiments. A baseline blood sample was obtained 10 -15 min before the initiation of the stress, and then additional samples were taken at 5, 10, 15, 25, 45, and 60 min after the start of the 15-min water stress and at 5, 10, 15, 25, 45, and 60 min after the start of the 60-min restraint stress. The samples were immediately placed on ice and then centrifuged at 4°C. The plasma was pipetted from the sample tube and then placed in a clean tube and stored at Ϫ80°C until being assayed for plasma corticosterone concentration. In some animals the catheter malfunctioned during the restraint and/or water stress; data are only included from experiments in which all blood samples could be obtained. At the end of the restraint stress, the rats were deeply anesthetized by placing them in a chamber with 5% isoflurane in oxygen and then they were rapidly decapitated. The brains were removed, blocked at the rostral margin of the cerebellum, rapidly frozen, and stored at Ϫ80°C until subsequent processing for the measurement of mRNA expression.
Analysis of Radiotelemetry Data
Baseline blood pressure and heart rate data were analyzed using Dataquest A.R.T. analysis software (Data Sciences International). Data were recorded for 15 s every 10 min; data collected during week 3 after vector injections between 8 AM and 4 PM were averaged to calculate daytime values, whereas data collected between 8 PM and 4 AM were averaged to calculate nighttime values for each animal.
Spontaneous baroreflex sensitivity, heart rate variability (HRV), and blood pressure variability (BPV) data analyses was performed using the freely available HemoLab software (http://www.haraldstauss.com/HemoLab/HemoLab.html). Blood pressure was recorded continuously at a 500-Hz sampling rate for 3 h between 9 AM and 12 PM 18 -21 days after vector injections before the animals were subjected to acute stress. The sampling rate of the datasets was increased to 1,500 Hz using spline interpolation. The gain of the baroreceptor reflex was determined using the sequence technique. Sequences were defined as a minimum of three consecutive (beat-bybeat) increases or decreases in systolic blood pressure accompanied by likewise increases or decreases in pulse interval. Sequences with increases and decreases in systolic blood pressure were pooled. No time delay between systolic blood pressure and pulse interval and no thresholds for changes in systolic blood pressure or pulse interval were used. Only sequences with a correlation coefficient (R) for the linear correlation between systolic blood pressure and pulse interval of Ͼ0.8 were included in the analysis, and the slope of the linear correlation was taken as the gain of baroreceptor reflex (5). For HRV and BPV analysis, blood pressure datasets were visually inspected, and three 5-to 10-min-long artifact-free segments per animal were extracted. Beat-by-beat pulse interval and systolic blood pressure time series were spline interpolated to an equidistant sampling rate of 15-Hz from the 1,500-Hz datasets. Power spectra were computed by the fast Fourier transform using the full length of each time series with 50% overlapping segments of 2,048 data points. Low-frequency (HRV-LF, 0.2-0.6 Hz) and high-frequency (HRV-HF, 1.0 -3.0 Hz) spectral powers of pulse intervals and low-frequency (0.2-0.6 Hz) spectral power of systolic blood pressure (BPV-LF) were calculated as the area under the curve of the respective power spectra, and HRV-HF was used as an index for cardiac parasympathetic tone, HRV-LF/HRV-HF ratio was used as an index for cardiac sympathetic tone, and BPV-LF was used as an index of vascular sympathetic tone (5) . Parameters obtained from the three datasets were averaged for each animal.
Blood pressure and heart rate data were exported using Dataquest A.R.T. analysis software as 1-min moving averages calculated from continuously recorded blood pressure data. Baseline values were calculated by averaging the baseline period after removing physical activity-related peaks from blood pressure and heart rate datasets. The data were then averaged in 5 min bins, and changes from prestress baseline values were calculated. The average changes in blood pressure and heart rate during the stress and recovery periods were also calculated.
Immunohistochemistry and Analysis of Stress-Induced c-Fos Expression
Animals were deeply anesthetized with 5% isoflurane and then perfused through the ascending aorta with 400 ml cold phosphatebuffered saline followed by 400 ml cold 4% paraformaldehyde in phosphate-buffered saline. Brains were postfixed for 2 h in 4% paraformaldehyde and then equilibrated in 30% sucrose solution at 4°C. Coronal sections (40 m) were cut on a microtome (Microm HM 450; Thermo Scientific) and mounted on Fischer Superfrost Plus slides. The following primary antibodies were used: rabbit anti-MIF (1:500; Torrey Pines Biolabs, East Orange, NJ; at this dilution the MIF antibody does not detect endogenous MIF but will detect the MIF immunoreactivity produced by AAV2-CBA-MIF; Ref. 22) , rabbit anti-c-Fos (1:1,000; EMD Millipore, Temecula, CA), mouse anti-D␤H (1:1,000; EMD Millipore), guinea pig anti-(Arg 8 )-vasopressin (1:250; Bachem, Torrance, CA). For c-Fos detection, floating brain sections were incubated 48 h at 4°C, and for all other primary antibodies, mounted brain sections were incubated overnight at 4°C. The secondary antibodies were anti-rabbit AF488, anti-mouse AF488, and anti-rabbit AF546 (Invitrogen, Carlsbad, CA) and anti-guinea pig orange-Cy3 (Jackson Immunoresearch, West Grove, PA). All secondary antibodies were used at a 1:200 dilution with a 2-h incubation at room temperature. Immunofluorescence and GFP were detected and imaged using a fluorescent microscope (Olympus BX41 with Olympus DP71 digital camera).
The number of c-Fos-positive neurons was determined in the PVN at three rostral-caudal levels, ϳ1.60 mm (level 1), 1.88 mm (level 2), and 2.12 mm (level 3) posterior from bregma (48) as described by Stocker et al. (56) . Identification of each level was aided by colabeling with an anti-arginine vasopressin (AVP) antibody. c-Fos-positive nuclei were counted in the following subnuclei of the PVN: dorsal parvocellular (levels 1 and 2), medial parvocellular (levels 1-3), ventrolateral parvocellular (level 2), lateral parvocellular (level 3), and posterior magnocellular (level 1-2). The RVLM was identified in brain sections 12.1-12.5 mm posterior from bregma (48) with the aid of colabeling with an anti-D␤H antibody.
Image files of the PVN and RVLM were deidentified by assigning a random number file name before determining the number of c-Fospositive neurons using the "Cell Counter" plugin for the ImageJ software (http://imagej.nih.gov/ij). The random identification numbers were broken after histological examination.
Plasma Corticosterone Assay
Plasma corticosterone concentration was measured in duplicate using double antibody I 125 radioimmunoassay kits purchased from MP Biomedicals (Solon, OH) as previously described (13, 52) .
RT-qPCR
RT-qPCR was used to analyze mRNA expression for CRF, AVP, BDNF, and D␤H within the PVN. Forebrain sections (1-mm thick) were obtained using a brain matrix (Harvard Apparatus), and then bilateral 1.5-mm punches of PVN tissue were removed and processed for mRNA expression. RNAeasy kits (Qiagen) were used to isolate total RNA. DNAse I treatment was then used to remove genomic DNA. RT-qPCR was performed using OneStep RT-PCR kits (Qiagen). Specific oligonucleotide primers and Taqman probes were purchased from Applied Biosystems. Data were normalized to the mRNA expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data are graphed as 2 Ϫ⌬⌬CT values, while statistical analyses were performed on the cycle threshold (⌬CT) values. PVN tissue was not obtained for mRNA analysis from one GFP time control animal.
Statistical Analysis
The average changes in blood pressure and heart rate during the stress and recovery periods were calculated and analyzed by two-way analysis of variance (ANOVA; time and treatment effects). Other comparisons for cardiovascular data were made using unpaired t-tests. Overall average baseline plasma corticosterone concentration for all rats used in the blood sampling protocol was determined by first determining an average value for each rat, then finding the overall average for GFP and MIF rats. Experiments (n ϭ 3) in which baseline corticosterone exceeded 20 g/dl were excluded, since such a high baseline level indicates the animals were stressed. Plasma corticosterone responses to stress were analyzed as absolute values and as average changes from baseline by one-and two-way ANOVA. For RT-qPCR, ⌬CT values were analyzed using a 2 ϫ 2 between subjects factorial ANOVA (main effects of GFP vs. MIF treatment and time control vs. stress). When ANOVA detected significant between-factor effects, additional analyses were performed. One MIF time control value for CRF mRNA was removed as an outlier using the interquartile range rule. Results are expressed as means Ϯ SE, and a value of P Յ 0.05 was considered significant.
RESULTS
Viral-Mediated Expression of GFP and MIF in the PVN
The representative fluorescence micrographs presented in Fig. 1 show GFP (top) and MIF (bottom) in the PVN of SHR at ϳ1.8 mm posterior from bregma, 4 wk after microinjection of AAV2-CBA-GFP or AAV2-CBA-MIF. These fluorescence micrographs indicate that the vast majority of expressed GFP and MIF is contained within the confines of the PVN. 
Protocol 1 (Sprague-Dawley Rats)
Baseline parameters. Enhanced MIF expression in the PVN of Sprague-Dawley rats had no effect on baseline mean arterial pressure (MAP) either during daytime (GFP: 94.9 Ϯ 1.8 mmHg; MIF: 95.3 Ϯ 1.9) or nighttime (GFP: 98.0 Ϯ 2.2 mmHg; MIF: 100.3 Ϯ 2.1). Heart rate was also similar between the two groups both during daytime (GFP: 325 Ϯ 7 beats/min; MIF: 320 Ϯ 5 beats/min) and nighttime (GFP: 369 Ϯ 6 beats/min; MIF: 369 Ϯ 5). However, spontaneous baroreflex sensitivity decreased in the MIF group compared with the GFP rats (GFP: 2.51 Ϯ 0.018 mmHg; MIF: 2.00 Ϯ 0.09, P Ͻ 0.05). HRV analysis showed no significant change in cardiac parasympathetic tone as indicated by HRV-HF power (GFP: 15.0 Ϯ 2.3 ms 2 vs. MIF: 12.1 Ϯ 2.9 ms 2 ; P ϭ 0.50). The ratio of HRV LF and HF power, an indicator of cardiac sympathetic tone, tended to be higher in the MIF group (0.70 Ϯ 0.08) compared with GFP (0.44 Ϯ 0.08), but the difference was not statistically significant (P ϭ 0.07). Increased MIF expression in the PVN also failed to affect BPV LF power, an index of vascular sympathetic tone (GFP: 1.11 Ϯ 0.22 mmHg 2 vs. MIF: 1.32 Ϯ 0.11 mmHg 2 ; P ϭ 0.36). Acute stress. Increases in MAP (Fig. 2, A-D) and heart rate ( Fig. 2, E-H) induced by restraint stress (Fig. 2, A, B There were no significant effects of MIF on the stress responses in these rats. MIF treatment also had no significant effect on baseline values for MAP and HR, and data are expressed as changes from baseline values. Baseline MAP and HR values recorded before restraint stress were 95 Ϯ 4 mmHg and 314 Ϯ 7 beats/min in GFP (n ϭ 6) and 100 Ϯ 2 mmHg and 309 Ϯ 6 beats/ min in MIF rats (n ϭ 8). Baseline MAP and HR values recorded before water stress were 95 Ϯ 2 mmHg and 305 Ϯ 8 beats/min in GFP (n ϭ 6) and 99 Ϯ 2 mmHg and 299 Ϯ 7 beats/min in MIF rats (n ϭ 8).
or water stress (Fig. 2, C, D, G, and H) were unaffected by MIF treatment in Sprague-Dawley animals both during stress and during the poststress recovery phase.
Protocol 2 (SHRs)
Baseline parameters. Daytime baseline MAP (Fig. 3A) , heart rate ( Fig. 3B ) and spontaneous baroreflex sensitivity (Fig.  3C) were unaffected by increased MIF expression in the PVN of adult SHRs. Nighttime MAP (157 Ϯ 1 and 153 Ϯ 2 mmHg in GFP and MIF rats, respectively) and heart rate (335 Ϯ 7 and 337 Ϯ 7 beats/min in GFP and MIF rats, respectively) were also unaffected by MIF treatment. HRV analysis revealed no significant change in cardiac sympathetic tone indicated by the ratio of HRV-LF to -HF power (GFP: 0.33 Ϯ 0.04 vs. MIF: 0.46 Ϯ 0.1; P ϭ 0.23, Fig. 3D ). There were also no significant effects of MIF on cardiac parasympathetic tone as indicated by HRV-HF power (GFP: 11.7 Ϯ 5.7 ms 2 vs. MIF: 8.8 Ϯ 3.0 ms 2 ; P ϭ 0.69) or on LF power of BPV (GFP: 1.55 Ϯ 0.24 mmHg 2 vs. MIF: 1.68 Ϯ 0.36 mmHg 2 ; P ϭ 0.75). Acute stress. Restraint stress-induced increases in MAP were significantly attenuated by elevated MIF expression in the PVN of SHRs (Fig. 4, A and B) . Average increases in MAP for the 60 min of restraint were 37.4 Ϯ 2.0 mmHg in GFP and 27.6 Ϯ 3.5 mmHg in MIF animals (P Ͻ 0.05), while the average increases in MAP during the 30-min recovery were 22.4 Ϯ 4.5 mmHg in the GFP and 7.9 Ϯ 4.5 mmHg in the MIF group (P Ͻ 0.05). On the other hand, increases in heart rate were not affected by MIF treatment either during stress or recovery (Fig. 4, E and F) .
In contrast to restraint stress, water stress-induced MAP (Fig. 4, C and D) and heart rate (Fig. 4, G and H) elevations were unaffected by MIF treatment.
Protocol 3 (SHRs)
Since MIF treatment significantly attenuated the acute restraint stress-induced increase in MAP in SHRs, we set out to determine whether this reduction in the pressor response is associated with attenuated neuronal activation in the PVN and RVLM as indicated by c-Fos expression. We analyzed c-Fos expression in SHRs at 120 min following the initiation of the 60-min restraint stress (allowing for 60 min of recovery time) in three rostral-caudal levels of the PVN (ϳ1.60, 1.88, and 2.12 mm posterior from the bregma) and in the RVLM in brain sections 12.1-12.5 mm posterior from bregma (48) identified with the aid of AVP and D␤H staining, respectively.
We found that increased MIF levels in the PVN did not significantly affect stress-induced c-Fos expression in any subnuclei of the PVN. The number of c-Fos-positive cells in GFP and MIF rats were 12 Ϯ 1 and 15 Ϯ 2 in the dorsal parvocellular subnucleus; 59 Ϯ 6 and 62 Ϯ 6 in the medial parvocellular subnucleus; 3 Ϯ 1 and 4 Ϯ 1 in the ventrolateral parvocellular subnucleus; 26 Ϯ 4 and 34 Ϯ 4 in the lateral parvocellular subnucleus, and 12 Ϯ 3 and 15 Ϯ 3 in the posterior magnocellular subnucleus. In contrast, the number of c-Fospositive cells in the RVLM was significantly reduced in MIF-treated SHRs (47 Ϯ 7) compared with GFP-treated SHRs (71 Ϯ 5; P Ͻ 0.05; Fig. 5B ). In addition, the number of cells double labeled with anti-c-Fos and anti-D␤H antibodies were also significantly reduced in the MIF group (6.6 Ϯ 0.5) compared with the GFP group (9.9 Ϯ 1.3; P Ͻ 0.05; Fig. 5C ).
Protocol 4 (SHRs)
Plasma corticosterone. Increased expression of MIF in PVN neurons in SHRs did not significantly reduce baseline plasma corticosterone (Fig. 6A) . During 60 min of restraint stress, plasma corticosterone was significantly lower in MIF-treated compared with GFP-treated rats at 30, 45, and 60 min of stress (Fig. 6B ). There were no significant changes in plasma corticosterone in the corresponding time control groups. The average change in plasma corticosterone from baseline in response to restraint stress was also significantly reduced by MIF (Fig.  6C) . MIF treatment had no significant effect on plasma corticosterone during the 15 min of water stress but did reduce plasma corticosterone during the subsequent recovery period (Fig. 6D) . The average change in plasma corticosterone from baseline in response to water stress was not significantly reduced by MIF (6.4 Ϯ 0.7 vs. 5.5 Ϯ 0.4 g/dl for GFP vs. MIF during stress and 3.4 Ϯ 0.2 vs. 3.1 Ϯ 0.3 g/dl for GFP vs. MIF during the recovery period).
RT-qPCR. Stress significantly increased expression of CRF mRNA in the PVN, and restoration of MIF in PVN neurons of SHR attenuated the enhanced expression (Fig. 7A ). There were no significant main effects of stress on mRNA expression for AVP (Fig. 7B), D␤H (Fig. 7C ), or BDNF (Fig. 7D) . MIF significantly reduced BDNF mRNA expression in time control animals, but had no other significant effects on AVP or D␤H mRNA expression.
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Fig. 3. Daytime MAP (A), HR (B), spontaneous baroreflex sensitivity (BRS; C)
and heart rate variability-low frequency/high frequency (HRV-LF/HF) ratio (D) in GFP-(n ϭ 9 for MAP and HR; n ϭ 5 BRS and HRV analysis) and MIF-treated SHRs (n ϭ 7) averaged for the 3rd wk after PVN injections. There were no significant effects of MIF treatment on these variables.
DISCUSSION
The primary responses to psychological stress are an increase in sympathetic nerve activity and activation of the HPA axis, and both limbs of the response can increase cardiovascular disease risk (8, 24, 49, 50, 61, 62) . The results of this study indicate that restoration of MIF expression in PVN neurons in SHRs attenuates both limbs of the stress response. Specifically, restored expression of MIF in the PVN of adult SHRs with established hypertension attenuated restraint stress-induced elevations in MAP, inhibited restraint stress-induced neuronal activation in the RVLM as indicated by c-Fos expression, reduced the corticosterone response to restraint stress, and attenuated stress-induced CRF expression in the PVN. In contrast, increased PVN MIF expression failed to decrease resting blood pressure, affect water stress-induced elevations in blood pressure or plasma corticosterone in SHRs, and also failed to attenuate pressor responses to both water and restraint stress in normotensive Sprague-Dawley rats.
The present experiments utilized an AAV2-based viral vector construct to restore MIF expression to PVN neurons in SHRs and to augment MIF expression in PVN neurons of normotensive controls. This vector construct has been fully validated and shown to transduce primarily neurons in both the PVN and nucleus tractus solitaries in rats (22, 37) . The volume (200 nl) and titer (10 9 viral particles/ml) were selected based on our experience and published information (17) indicating that the use of these parameters would limit vector expression primarily to the PVN. Immunoshistochemical verification of the injection sites confirmed that, when the PVN was accurately targeted by the microinjection, expression outside the PVN was limited to a few scattered cells (Fig. 1) ; animals with significant MIF or GFP expression outside of the PVN were considered to be "misses" and were excluded from the study.
Our previous investigations established that ANG II increases MIF expression in hypothalamic neurons from normotensive rats and that MIF counteracts the neuroexcitatory actions of ANG II (58) . ANG II exerts its sympathoexcitatory and pressor effects by activating AT 1 Rs, increasing NADPH oxidase-mediated production of ROS leading to ROS-mediated inhibition of delayed rectifier potassium channels and increased neuronal firing rate (14, 15) . Besides their effect on neuronal activity, ROS also upregulate MIF in PVN neurons (27) . MIF in turn, scavenges ROS via its TPOR activity, and when injected in the PVN of normotensive rats, MIF inhibits ANG II-induced dipsogenic and pressor responses (36, 40) . However, unlike in normotensive rats, ANG II fails to upregulate MIF expression in hypothalamic neurons from SHRs, and the lack of MIF-mediated inhibition is responsible for the augmented excitatory actions of ANG II in SHR neurons compared with neurons from normotensive rats (57). These results were confirmed by in vivo experiments indicating that central injections of ANG II in SHRs failed to increase MIF levels in the PVN, and while baseline MIF mRNA and protein levels were found to be similar in the PVN of normotensive rats and SHRs, immunohistochemistry revealed that MIF is mostly expressed in neurons in the PVN of normotensive rats, whereas in SHRs MIF is mainly expressed in astrocytes (37) . In addition, when vector-mediated elevation of MIF expression in PVN neurons was initiated in 8-wk-old SHRs, the development of hypertension was attenuated (37) . Thus these previous studies established that neuronal activation induced by ANG II in the PVN is augmented in SHRs due to the lack of MIFdependent elimination of ROS produced as downstream intracellular mediators of ANG II.
ANG II signaling in the PVN plays an important role in mediating both the HPA axis and autonomic responses to stress (4, 6, 9, 11, 51) . Moreover, PVN AT 1 R expression is increased in SHRs and in normotensive rats following repeated restraint and 24-h isolation stress (51), and systemic administration of an AT 1 R antagonist blunts the sympathoadrenal response to stress in SHRs (25) . Results from this study suggest that the lack of MIF negative feedback on ANG II-mediated neuronal activation within the PVN could contribute to enhanced stress sensitivity in SHRs. Restoring MIF in PVN neurons of SHRs attenuated restraint stress-induced increases in blood pressure, PVN CRF mRNA expression, and plasma corticosterone. However, the same treatment failed to affect blood pressure increases during water stress. These differences in MIF effects may have been caused by the activation of different neural circuitry in response to different types of stressors, to the shorter duration of water stress relative to our restraint stress protocol, or possibly due to the influence of significant physical activity on cardiovascular regulation during water stress as the animals continuously attempted to escape from the water. The last possibility seems unlikely since MIF expression did not affect activity, as measured by telemetry, during the water stress (data not shown). Restraint stress is a standard psychological stressor in rats (15) , whereas the water stress protocol is unique. Future experiments are needed to determine if PVN MIF modulates the arterial pressure and HPA axis responses to other standard psychological and physical stressors in SHRs.
In contrast with SHRs, where the vector treatment restored baseline neuronal MIF expression, in Sprague-Dawley rats, the same treatment resulted in an elevated baseline MIF level in the PVN, but this increased expression of MIF above normal MIF levels had no effect on stress responses, suggesting that the endogenous MIF-mediated inhibition on ANG II signaling could not be further enhanced. In fact, increasing MIF levels in the PVN of Sprague-Dawley rats had the seemingly adverse effect of reducing baroreflex sensitivity. The PVN exerts tonic inhibition on baroreflex function (46) ; however, the mechanism accounting for the effect of excess MIF to inhibit baro- GFP time control, n ϭ 6; MIF time control, n ϭ 7-8; GFP stress, n ϭ 9; MIF stress, n ϭ 13. *P Ͻ 0.05 MIF vs. GFP, #P Ͻ 0.05 stress vs. time control.
reflex function in Sprague-Dawley rats cannot be determined from the present experiments. Nonetheless, the results in the SHRs indicate that normal levels of MIF probably have no effect on baroreflex control of heart rate, since restoring MIF expression in these rats had no effect on the spontaneous baroreceptor reflex. Although Wistar-Kyoto (WKY) rats are commonly used as a control strain for SHRs, we chose to perform the control experiments in Sprague-Dawley rats, since WKY rats have elevated HPA axis activity and are used as an animal model of depression (54) . That being said, there is minimal difference in the arterial pressure responses to acute stress between WKY and Sprague-Dawley rats (43) . Also, our previous work demonstrated that WKY rats (unlike SHR) already express MIF in PVN neurons and that MIF overexpression (using the same construct) had no effect on baseline blood pressure in young WKY rats, while reducing baseline blood pressure in young SHRs (37) . Therefore, it seems unlikely that the choice of control rat altered the basic conclusions of the study. Heart rate responses were unaffected by MIF treatment in either Sprague-Dawley rats or SHRs, even though administration of exogenous ANG II into the PVN increases both arterial pressure and heart rate (38) . It could be that with stress the increase in ANG II within the PVN is not global and that ANG II levels are not elevated in synaptic regions that can influence heart rate. This explanation is supported by a recent study by Busnardo et al. (6) that demonstrated that PVN injections of AT 1 R or angiotensin-converting enzyme inhibitors diminished restraint stress-induced pressor responses without affecting tachycardic responses.
Our previous studies highlighted the importance of MIF in ANG II signaling in the PVN; however, MIF may exert regulatory effects independent of ANG II that could also impact stress responses. MIF has been shown to induce inhibition of glucocorticoid receptor function (32) and to counterregulate anti-inflammatory actions of glucocorticoids by reducing the inhibitory effect of glucocorticoids on the release of proinflammatory cytokines (7) . While these effects of MIF have not been demonstrated in the PVN, there is a possibility that increasing MIF levels in the PVN by viral vector-mediated transduction affected stress responses by inhibiting glucocorticoid receptor function. However, such an effect would likely lead to exaggerated as opposed to diminished stress responses by abolishing glucocorticoid-mediated negative feedback on corticotrophin-releasing hormone production in the PVN or by increasing the level of proinflammatory cytokines that also exert pressor effects in the PVN (53) . Thus the attenuated blood pressure increases during and after restraint stress are unlikely to be caused by modulation of glucocorticoid signaling. Instead, these results suggest that the effects of MIF to inhibit corticosterone secretion could act synergistically with the antiglucocorticoid actions of systemic MIF to reduce peripheral glucocorticoid activity.
Based on our previous studies demonstrating that MIF reduces chronotropic actions of ANG II in PVN neurons (40), we expected that MIF treatment would reduce stress-induced neuronal activation in the PVN of SHRs as indicated by c-Fos expression. However, our results indicated that following restraint stress PVN c-Fos immunoreactivity was similar in GFPand MIF-treated SHRs. On the other hand, the number of c-Fos-positive nuclei in the RVLM was markedly reduced in MIF-treated compared with GFP-injected SHRs, suggesting a role for reduced sympathetic tone in mediating the effect of PVN MIF to attenuate the blood pressure response to restraint stress. A similar discrepancy between PVN and RVLM c-Fos expression was observed by Palmer and Printz (47) when comparing the pattern of c-Fos expression in response to air-puff stress in WKY rats and SHRs; SHRs had a larger c-Fos response in the RVLM, but there was no between-strain difference in c-Fos expression in the PVN. c-Fos is widely used as an indicator of neuronal activation in response to stress, since its expression is increased only when neurons are stimulated with "unusual" inputs such as those induced by systemic or neurogenic stressors and not by normal neuronal activity (34) . However, there are several limitations of using c-Fos as a marker for neuronal activation, and a lack of suppression of the number of c-Fos-positive nuclei in the PVN does not rule out a reduction in total neuronal output from PVN to RVLM projecting neurons in the PVN MIF-treated rats. First, counting neurons that are positive for c-Fos expression indicates the number of depolarized neurons, but cannot determine if neuronal activity was attenuated in individual neurons. If MIF treatment in the PVN reduced overall neuronal output to the RVLM without reducing the number of neurons that were depolarized, this change would not be detected by counting the number of c-Fos-positive neurons. Second, induction of c-Fos is mediated by multiple mechanisms, including depolarization, increases in intracellular and intranuclear Ca 2ϩ concentrations, neurotrophic factors, and neurotransmitters and activation of various signal transduction pathways including protein kinase A, protein kinase C, Ca 2ϩ /calmodulin-dependent protein kinase, and mitogen-activated protein kinase (34) . The relative contribution of these pathways to induction of c-Fos may vary in different neuronal cell types and may result in different threshold levels for c-Fos expression. It is possible that even with the inhibitory effect of elevated MIF levels on neuronal firing rate, activity levels of PVN neurons were still above the threshold for inducing c-Fos expression following restraint stress. However, RVLM neurons may have a higher threshold for c-Fos activation; therefore, any reduced input from descending PVN projections in MIF-treated SHRs resulted in a large enough decrease in RVLM neuronal activity that prevented c-Fos expression in a significant number of neurons in this important regulatory site of sympathetic activity. We previously demonstrated that restoration of MIF expression in PVN neurons of young, prehypertensive, SHRs attenuated the development of hypertension (37) . However, in contrast to our hypothesis, restoration of MIF expression in PVN neurons in adult SHRs with established hypertension failed to lower resting blood pressure. In the current study, SHRs were injected with the MIF vector at the age of 14 wk, whereas in our previous study rats were injected at 8 wk of age (37) . Considering that blood pressure rises rapidly between 5 and 10 wk of age in SHRs, and that the rate of blood pressure increase slows down considerably after 15 wk of age (45) , it seems that by injecting the MIF vector at this older age, we missed the window of opportunity to induce a long-term reduction in blood pressure, and restoring MIF-mediated blood pressure regulatory mechanisms in the PVN apparently could not reverse either the multiple central mechanisms that contribute to established hypertension in SHR, and/or the potential adverse peripheral effects such as hypertension-related vascular dysfunction or changes in renal function (29) .
Perspectives
The current results together with our previous findings indicate that the lack of MIF-mediated inhibition on ANG II signaling in the PVN of SHRs significantly contributes to impaired blood pressure regulation, resulting in augmented pressor and HPA responses to restraint stress as well as augmented blood pressure elevations to central ANG II injections and progressive development of hypertension in SHRs. An important objective of future studies will be to investigate whether a dysfunction in MIF-mediated inhibitory mechanisms in the PVN is an important contributor to the development of chronic stress-induced hypertension. In addition, as it has recently been shown that MIF modulates ANG II signaling not only in the PVN, but in other brain regions as well, such as the nucleus of the solitary tract (22) , so further investigations are needed to determine whether MIF-dependent mechanisms affect acute or chronic stress-related blood pressure elevations outside of the PVN. Importantly, human MIF gene variants are already associated with the risk for atherosclerosis and type II diabetes (28, 35) , so future studies are also needed to determine if gene variants leading to diminished MIF-mediated inhibition of ANG II signaling is one of the mechanisms responsible for the association between cardiovascular stress sensitivity and the risk of hypertension in humans.
